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HIGHLIGHTS 


•  We  investigated  the  cycle  deterioration  of  Li-ion  cell  with  NCA  cathode. 

•  Cycle  tests  with  ADOD  restriction  and  surface  analysis  of  cathode  were  carried  out. 

•  NCA  cathode  material  particles  are  formed  by  aggregation  of  primary  particles. 

•  Many  microcracks  were  generated  in  the  inter-surface  between  the  primary  particles. 

•  NiO-like  resistance  layer  with  Fm3m  structure  was  formed  on  each  primary  particle. 
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Cycle  performance  at  60  °C  for  a  Li  Alo.10Nio.76Coo.14O2  (NCA)  cathode/graphite  cell  was  greatly  improved 
when  a  DOD  range  in  charge— discharge  cycling  (ADOD)  was  restricted.  The  deterioration  mechanism 
was  analyzed  by  X-ray  photoelectron  spectroscopy  (XPS),  high-angle  annular  dark-field  scanning 
transmission  electron  microscopy  (HAADF-STEM)  and  scanning  transmission  electron  microscopy- 
electron  energy-loss  spectroscopy  (STEM-EELS).  Only  after  the  cycle  test  in  the  ADOD  of  0-100%, 
many  micro-cracks  were  generated  in  the  inter-surface  between  the  primary  particles  which  aggregated 
to  form  the  secondary  particles,  and  a  NiO-like  resistance  layer  with  Fm3m  rock  salt  structure  was 
formed  on  each  primary  particle  which  was  contact  with  other  primary  particles  and  electrolyte.  It  can 
be  concluded  that  the  lack  of  contact  between  the  primary  particles  with  the  micro-crack  generation  and 
the  formation  of  the  new  resistance  layer  are  responsible  for  the  capacity  fading  and  the  rise  in 
impedance  during  charge— discharge  cycle  in  the  wide  ADOD. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  (LIBs)  with  a  Li  Alo.10Nio.76Coo.14O2  (NCA) 
cathode  are  widely  widespread  as  power  supply  for  notebook  PCs 
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and  digital  still  cameras.  Moreover,  they  are  also  promising  as  po¬ 
wer  supply  for  power  storages  and  battery  electric  vehicles  because 
of  their  high  capacity  and  long-term  storage  characteristics.  We 
have  reported  that  capacity  fading  depended  on  ADOD,  and  many 
micro-cracks,  which  caused  significant  discharge  capacity  loss, 
were  generated  in  the  NCA  particles  when  cycle  tests  of  a  cylin¬ 
drical  LIB  with  the  NCA  cathode  were  performed  under  the  con¬ 
ditions  of  wider  ADODs  and  higher  temperatures  1,2]. 


http://dx.doi.org/10.1016/j.jpowsour.2014.02.018 
0378-7753/©  2014  Elsevier  B.V.  All  rights  reserved. 
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On  the  other  hand,  the  deterioration  mechanism  of  the  NCA 
cathode  has  been  clarified  by  the  recent  researches  with  various 
spectroscopic  methods  such  as  X-ray  photoelectron  spectroscopy 
(XPS),  Fourier  transform  infrared  spectroscopy  (FT-IR),  attenuated 
total  reflection  -  Fourier  transform  infrared  spectroscopy  (ATR- 
FTIR),  high  resolution  hard  XPS  and  so  on.  Abraham  et  al.  found  that 
the  deterioration  of  the  NCA  cathode  mainly  contributed  to  the  rise 
in  cell  impedance,  and  the  cathode  surface  film  was  a  mixture  of 
polycarbonates,  LiF  and  LixPFy-type  and  LixPFyOz-type  compounds 
by  XPS  [3,4]. 

Kostecki  et  al.  reported  that  a  thin  and  non-uniform  solid  elec¬ 
trolyte  interface  (SEI)  film  which  was  decomposition  products  of 
electrolyte  such  as  LiF,  LixPFy-type  and  LixPFyOz-type  compounds 
did  not  inhibit  lithium-ion  transport  through  the  interface  of 
cathode/electrolyte,  and  the  loss  of  electric  contacts  caused  cathode 
deterioration.  They  demonstrated  electric  conductivity  of  the 
cathode  surface  was  significantly  diminished  after  a  cycle  test  in  the 
ADOD  of  0—100%  by  using  current-sensing  atomic  force  microscopy 
imaging.  [5].  Abraham  et  al.  proposed  that  an  oxygen-deficient 
surface  layer  was  formed  on  a  LiNiCo02  cathode  due  to  oxygen- 
transfer  reactions  with  the  electrolyte  by  using  X-ray  absorption 
spectroscopy  (XAS),  the  electron  energy  loss  spectroscopy  (EELS) 
and  transmission  electron  microscope  (TEM)  [6,7].  The  cathode 
surface  was  turned  to  a  LixNii_xO  type  (NaCl-type)  structure  which 
was  believed  to  contribute  to  impedance  rise  of  the  cathode. 

Tatsumi  et  al.  proposed  a  schematic  degradation  model  of  LiA- 
lyNii_x_yCox02  by  combining  spectroscopic  methods  such  as  X-ray 
absorption  near-edge  structure  (XANES),  X-ray  photoemission 
spectroscopic  (PES)  and  high-resolution  hard  X-ray  photoemission 
spectroscopy  (EIX-PES)  [8-10].  In  their  deterioration  model  of  NCA, 
the  LixAl0.ioNio.73Coo.i702  surface  was  a  multilayer  of  Li  deficient 
cubic  phase  layer  and  surface  films  which  were  composed  of 
Li2C03,  hydrocarbons,  ROCC^Li,  polycarbonate-type  compounds, 
P-0  containing  compounds  and  LiF. 

Zheng  et  al.  used  STEM  and  EELS  to  clarify  that  the  extended 
grain  boundary  layers  were  formed  and  increased  during  the  first 
charge-discharge  cycle  [11,12].  The  structure  of  grain  boundary 
was  continuously  changed  from  interior  to  the  surface,  from  the 
layered  structure  to  a  disordered  rock-salt  structure  via  a  partially 
ordered  structure.  They  suggested  that  the  microstructure  change 
was  primarily  responsible  for  the  irreversible  capacity  at  the  first 
cycle.  We  reported  that  a  cylindrical  battery  with  the  NCA  cathode 
exhibited  excellent  long-term  storage  and  cycling  characteristics 
without  increasing  the  grain  boundary  in  the  restricted  ADOD 
conditions  [2].  In  this  study,  deterioration  mechanism  of  LIBs  with 
the  NCA  cathode  during  charge-discharge  cycle  tests  in  restricted 
ADODs  was  investigated  by  XPS,  STEM,  and  TEM-EELS. 

2.  Experimental 

2.1.  Cycle  tests  in  restricted  ADODs  for  cylindrical  model  cells 

The  cylindrical  model  cells  with  capacity  of 400  mAh  were  used. 
These  cells  were  composed  of  the  NCA  cathode  which  consisted  of 
NCA,  DENKA  black,  and  polyvinylidene  fluoride,  the  graphite  anode 
which  consisted  of  graphite  and  styrene-butadiene  rubber,  elec¬ 
trolyte  and  micro-porous  polyethylene  separator.  Electrolyte  was  a 
mixture  of  ethylene  carbonate  (EC),  ethyl  methyl  carbonate  (EMC), 
and  dimethyl  carbonate  (DMC)  containing  lithium  hexa- 
fluorophosphate  (LiPF6). 

Charge-discharge  cycle  tests  were  performed  at  25  and  60  °C 
with  two  ADOD  conditions  (0-100%  and  10—70%).  The  charge- 
discharge  cycle  tests  were  operated  at  a  current  rate  of  1  C  (400  mA) 
in  the  voltage  range  of  4.2— 2.5  V  as  0-100%  DOD  and  4.05—3.48  V 
as  10-70%  DOD. 


Capacity  checking  test  was  inserted  at  every  50  cycles  during  the 
initial  500  cycles  and  at  every  500  cycles  during  500-2500  cycles 
to  compare  discharge  capacity  in  the  voltage  region  of  4.2— 2.5  V 
among  four  conditions. 

2.2.  Deterioration  analysis  using  coin-type  model  cells 

In  order  to  investigate  the  capacity  deteriorations  for  the  cathode 
and  anode,  cylindrical  cells  were  disassembled  to  take  out  the  cathode 
and  anode,  and  each  was  rinsed  by  DMC,  and  then  used  to  assemble  a 
coin-type  cell  with  a  Li  metal  as  a  counter  electrode  under  dry  air  at¬ 
mosphere.  The  deterioration  capacity  was  measured  by  charge- 
discharge  tests  and  compared  with  a  fresh  electrode. 

2.3.  Surface  and  bulk  analyses 

Surface  structure  of  each  cathode  was  observed  by  XPS  and  scan¬ 
ning  transmission  microscopy  (STEM)-EELS.  The  XPS  analysis  was 
performed  with  a  Perkin— Elmer  PHI  560/ESCA-SAM  system.  XPS 
spectra  were  obtained  after  several  times  of  Ar+-sputtering  with  4  keV 
energy  ions  and  a  current  beam  of  0.36  pA  cm-2.  A  sample  for  the  XPS 
analysis  was  excited  with  1486.6  eV  energy  AlKa  X-rays.  STEM-EELS 
analysis  was  conducted  with  a  200  kV  JEM-21  OOF  equipped  with  a 
parallel  electron  energy  loss  (EEL)  spectrometer  (Gatan  863).  XRD  and 
SEM  were  used  to  study  the  phase  change  and  microscopic 
morphology  for  active  materials  after  cycling.  For  surface  and  bulk 
analyses,  each  cell  was  discharged  to  a  voltage  of  2.5  V  at  1  C  rate  and 
then  disassembled.  The  samples  taken  out  of  the  disassembled  cells 
were  washed  with  dry  DMC  and  evaporated  at  room  temperature. 
Other  experimental  conditions  are  given  in  the  next  section. 

3.  Results  and  discussion 

3.1.  Cycle  performance  of  cylindrical  model  cells  after  cycle  tests  in 
the  controlled  ADODs  and  cross-sectional  SEM  images  of  the  NCA 
cathode 

Fig.  1  shows  charge-discharge  cycle  performance  at  25  and 
60  °C  in  two  ADOD  conditions  for  NCA  cathode/graphite  model 
cylindrical  cells  and  the  cross-sectional  SEM  images  of  the  NCA 
cathode  after  cycle  tests.  The  vertical  axis  or  relative  capacity  is 
defined  as  the  ratio  of  discharge  capacity  at  a  certain  cycle  to  the 
initial  one.  In  the  ADOD  condition  of  0-100%,  significant  capacity 
fading  and  the  growth  of  micro-cracks  were  observed,  and  the 
capacity  deterioration  was  faster  at  higher  temperature.  On  the 
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Fig.  1.  Cycle  performance  of  cylindrical  model  cells  and  cross-sectional  SEM  images  of 
the  NCA  cathode  in  two  ADOD  conditions  at  25  and  60  °C;  (•)  10-70%  at  25  °C,  (O) 
10-70%  at  60  °C,  (a)  0-100%  at  25  °C  and  (A)  0-100%  at  60  °C. 
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Fig.  2.  Discharge  curves  of  the  cells  with  (a)  NCA  cathode  electrode  and  (b)  graphite 
anode  electrode  before  and  after  cycle  tests.  Each  curve  was  obtained  from  (A)  a  fresh 
cell  and  cycled  cells  with  the  conditions  of  (B)  10-70%  DOD  25  °C,  2500  cycles,  (C)  10- 
70%  DOD  60  °C,  2500  cycles,  (D)  0-100%  DOD  at  25  °C,  2000  cycles  and  (E)  0-100% 
DOD  60  °C,  350  cycles. 

other  hand,  in  the  ADOD  condition  of  10-70%,  cycle  performance 
was  greatly  improved  even  at  60  °C,  and  micro-cracks  were  scarcely 
observed. 


3.2.  Characteristics  of  cathodes  and  anodes  taken  from  cylindrical 
model  cells  after  cycle  tests  in  the  controlled  ADODs 

The  NCA  cathode  or  graphite  anode  after  cycle  tests  was  reas¬ 
sembled  into  2016  type  coin  cells  with  Li  metal  as  a  counter  elec¬ 
trode.  Fig.  2  shows  discharge  curves  of  the  reassembled  coin-type 
cells  operated  in  a  voltage  region  of  4.3-2.5  V  for  NCA  cathode  or 
of  1.0-0.01  V  for  graphite  anode  at  a  constant  current  of  0.1  C  at  25 
and  60  °C.  After  cycle  tests  in  the  ADOD  of  0-100%,  capacity  loss  for 
the  cell  with  the  NCA  cathode  was  33.5%  at  25  °C  and  45.2%  at  60  °C, 


while  that  for  the  cell  with  the  graphite  anode  was  about  10%.  These 
results  suggest  that  the  capacity  loss  is  mainly  ascribed  to  the 
deterioration  of  the  NCA  cathode  which  is  influenced  by  ADOD  and 
temperature.  On  the  other  hand,  after  cycle  tests  in  the  ADOD  of 
10-70%,  capacity  loss  for  the  cell  with  the  NCA  cathode  was  1.5%  at 
25  °C  and  9.9%  at  60  °C,  These  results  indicate  that  the  capacity  loss 
is  strongly  affected  by  ADOD  and  test  temperature. 

3.3.  Surface  and  cross  section  analysis  of  NCA  cathode 

In  the  macro  structure  analysis  by  XRD,  there  was  not  a  large 
change  between  NCA  cathodes  before  and  after  cycle  tests  irre¬ 
spective  of  ADOD  and  temperature  [2].  For  surface  and  cross- 
sectional  analyses  by  high-angle  annular  dark-field  scanning 
transmission  electron  microscopy  (HAADF-STEM),  an  NCA  cathode 
was  disassembled  from  a  completely  discharged  cell  and  then 
washed  with  dry  DMC  and  evaporated  at  room  temperature.  After 
that,  the  cathode  was  sliced  by  focused  ion  beam  (FIB)  method. 

Fig.  3  shows  the  high-angle  annular  dark-field  scanning  trans¬ 
mission  electron  microscopy  (HAADF-STEM)  images  and  maps  of  C 
and  F  atoms  for  an  NCA  particle  after  350  cycles  in  the  ADOD  of  0- 
100%  at  60  °C.  The  C  and  F  atoms  which  were  ascribed  to  electrolyte 
mainly  distributed  in  the  micro-cracks  of  an  NCA  secondary  parti¬ 
cle.  This  suggests  that  the  electrolyte  infiltrated  into  the  NCA  par¬ 
ticle  through  the  micro-cracks.  New  SEI  films  are  surely  formed  on 
the  primary  particle  surface  of  NCA  along  the  micro-cracks  and  the 
ionic/electric  conductivity  of  the  NCA  particle  would  become  worse 
remarkably. 

Fig.  4  indicates  Cls,  Ols,  FIs,  Lils  and  P2p  core  level  spectra  of 
NCA  cathode  before  and  after  cycle  tests  of  350  cycles  in  the  ADOD 
of  0-100%  at  60  °C.  There  was  no  obvious  change  between  spectra 
before  and  after  cycle  test  for  all  elements  although  there  was  a 
little  change  in  the  Ols  spectrum  at  the  surface.  The  Ols  spectrum 
after  the  cycle  test  was  deconvoluted  to  that  of  ROC02Li,  Li2C03  and 
NCA  (LiM02)  as  shown  in  Fig.  5.  The  ROC02Li  and  Li2C03  are 
included  in  an  SEI  film  formed  by  electrolyte  decomposition.  The 
relative  peak  intensity  of  ROC02Li  or  Li2C03  to  NCA  (LiM02)  (JRO- 
COOLi/JNCA  (LiM02)  or  /Li2C03//NCA  (LiM02))  before  and  after  cycle 
tests  in  various  conditions  are  summarized  in  Fig.  6.  The  relative 
peak  intensity  of  ROC02Li,  which  was  an  oxidation  product  of 
electrolyte  decomposition  materials,  after  cycle  tests  at  60  °C 
became  high,  while  that  of  Li2C03  was  relatively  similar  regardless 
of  the  condition  of  cycle  test.  The  mechanism  of  the  electrolyte 
decomposition  reaction  is  proposed  as  follows  [13-15]. 

EC  +  e_  — ►  EC-  (radical  anion)  (1) 

2EC“  (radical  anion)  ethylene  +  CH2(0C02)“  CH2(0C02)“  (2) 

CH2(0C02)-  CH2(0C02)-  +  2Li+  ->  CH2(0C02Li)  CH2(0C02Li)(s)(3) 


STEM-HAADF  Image 
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Fig.  3.  HAADF-STEM  images  and  maps  of  C  and  F  atoms  for  an  NCA  particle  after  350  cycles  in  the  ADOD  of  0-100%  at  60  °C. 
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Fig.  4.  (a,  f)  Cls,  (b,  g)  Ols,  (c,  h)  FIs,  (d,  i)  Lils  and  (e,  j)  P2p  core  level  spectra  of  NCA  cathode  (a-e)  before  and  (f-j)  after  cycle  tests  of  350  cycles  in  the  ADOD  of  0-100%  at  60  °C. 
The  numerical  values  in  each  figure  indicate  the  distance  from  the  surface. 


DMC(CH30C02CH3)  +  e~  +  Li+  CH30C02Li  +  CH3*  (4) 

EMC  (CH3CH20C02CH3)  +  e“  +  Li+  —  CH3CH20C02Li  +  CH3*  (5) 
or 
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Fig.  5.  01  s  core  level  spectrum  of  NCA  cathode  after  350  cycles  in  the  ADOD  of  0-100% 
at  60  °C,  ROC02Li,  Li2C03  and  NCA  (LiM02). 


CH3or  CH3CH2radical  were  converted  to  ether  (CH3OCH3) 
CH3CH2OCH3  and,  CH3CH2OCH2CH3)  and  alkyl  carbonate  (CH3OC- 
02CH3i  CH3CH20C02CH3  and  CH3CH20C02CH2CH3). 

Depth  analysis  of  the  Ols  peak  after  the  cycle  test  (Fig.  4(g)) 
exhibited  the  thickness  of  ROC02Li  film  was  about  4  nm.  The 
relative  peak  intensity  of  ROC02Li  for  the  condition  of  0-100% 
ADOD,  60  °C  and  350  cycles  which  showed  the  largest  capacity  loss 
was  smaller  than  that  for  the  condition  of  10-70%  ADOD,  60  °C, 
2500  cycles,  indicating  that  the  generation  of  ROC02Li  was  not  a 
dominant  factor  of  deterioration.  The  relative  peak  intensity  of 
ROC02Li  depended  on  test  temperature  and  the  elapsed  time.  The 
growth  of  SEI  film  was  also  affected  by  temperature  and  the  elapsed 


2500cycle  2500cycle  2000cycle  350cycle 

Fig.  6.  Ratios  of  peak  intensity  of  ROC02Li  or  Li2C03  to  NCA  (LiM02)  in  Ols  core  level 
spectra  before  and  after  cycle  tests  in  various  conditions,  (a)  before  cycle  test,  (b)  10— 
70%  ADOD,  25  °C,  2500  cycles,  (c)  10-70%  ADOD,  60  °C,  2500  cycles,  (d)  0-100% 
ADOD,  25  °C,  2000  cycles  and  (e)  0-100%  ADOD,  60  °C,  350  cycles. 
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Fig.  7.  Cross-sectional  TEM  images  (a,  b),  their  magnifications  (c-e)  and  corresponding  SAED  patterns  (f-h)  of  NCA  cathodes  before  (a,  c,  f)  and  after  (b,  d,  e,  g,  h)  cycle  tests  in  the 
ADOD  of  0-100%.  SAED  patterns  (f,  g)  were  obtained  from  edge  (A  and  B)  of  a  primary  particle  faced  on  the  neighbor  particle,  while  SAED  pattern  (h)  was  obtained  from  that  (C) 
faced  on  micro-crack. 


time,  but  the  SEI  film  with  about  several  nanometers  in  thickness 
did  not  influence  any  electrochemical  performance. 

The  contact  of  fresh  NCA  surface  with  new  electrolyte  due  to  the 
growth  of  micro-cracks  led  to  deterioration  in  battery  performance. 


Therefore  we  investigated  the  change  of  the  interface  in  the  grain 
boundary  of  NCA  by  TEM  and  EELS  analysis. 

Fig.  7  shows  TEM  images  and  the  corresponding  selected  area 
electron  diffraction  (SAED)  patterns  of  NCA  particles  before  and 
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Fig.  8.  STEM-ADF  images  (a,  b)  and  Ni-L  edge  EELS  spectra  (c,  d)  for  the  surface  of  a  primary  particle  of  NCA  cathode,  (a,  c)  Before  and  (b,  d)  after  immersion  and  then  first  charge- 
discharge  cycle. 


S.  Watanabe  et  al.  /  Journal  of  Power  Sources  258  (2014)  210-217 


215 


a 

g 

>> 

u 

cd 

s 


G 

D 


2nm 

4nm 

6nm 

lOnm 

12nm 

14nm 

16nm 

20nm 

30nm 

40nm 

50nm 

60nm 

70nm 

80nm 


850  860  870  880 

Energy  Loss  /  eV 


Fig.  9.  Cross-sectional  TEM  images  and  depth  profiles  of  STEM-EELS  for  NCA  surface  after  cycle  test  of  5000  cycles  in  the  ADOD  of  10-70%  at  25  °C. 


after  cycle  tests  of  350  cycles  in  the  ADOD  of  0-100%  at  60  °C. 
Before  the  cycle  test,  there  were  no  cracks  in  NCA  particles  and  the 
electron  diffraction  pattern  (Fig.  7(f))  exhibited  that  the  surface  of  a 
primary  particle  had  R3m  crystal  structure.  On  the  other  hand,  after 
the  cycle  test,  many  cracks  were  observed  in  a  secondary  particle. 
The  R3m  structure  was  maintained  at  the  surface  of  a  primary 
particle  faced  on  neighbor  one  (Fig.  7(g)),  but  a  Fm3m  rock  salt  like 
structure  was  formed  at  a  primary  particle  faced  on  micro-crack 
(Fig.  7(h)).  This  seems  to  be  a  NiO-like  layer,  as  reported  previ¬ 
ously  [6,7,11,12].  NiO  is  known  to  have  poor  conductivities  of 
lithium  ions  and  electrons,  so  the  resistance  layer  formed  inside 
secondary  particles  would  contribute  to  the  rise  in  impedance. 

In  order  to  examine  why  the  resistance  layer  was  formed  only  at 
vicinity  of  micro-cracks,  STEM-EELS  analyses  were  performed. 
Fig.  8  shows  STEM-ADF  images  and  Ni-L  edge  EELS  spectra  for  the 
surface  of  a  primary  particle  of  NCA  cathode  before  immersion  to 


electrolyte  and  after  immersion  and  then  the  first  charge- 
discharge  cycle.  Before  immersion,  no  peak  shift  was  observed  in 
the  EELS  spectra  (Fig.  8(c)).  Flowever,  after  immersion  and  the  first 
charge-discharge  cycle,  a  peak  shift  in  the  low  energy  direction 
was  detected  at  around  4  nm  in  depth  from  the  primary  particle 
surface  (shown  by  arrows  in  Fig.  8(d)).  The  shifted  peak  position 
was  identical  to  that  of  NiO  as  shown  in  Fig.  8(d),  suggesting  that 
the  NiO-like  layer  was  formed  at  the  interface  between  electrolyte 
and  NCA  particles  during  the  first  charge-discharge  cycle.  These 
results  are  agreement  with  the  recent  investigation  by  Ukyo  et  al. 
[11,12].  From  these  results,  the  micro-crack  generation  would  be 
accompanied  by  penetration  of  electrolyte  into  NCA  secondary 
particles  to  form  a  new  NiO-like  layer. 

Figs.  9  and  10  show  cross-sectional  TEM  images  and  depth 
profiles  of  Ni-L  edge  EELS  spectra  for  the  NCA  particle  surface  after 
5000  cycles  in  the  ADOD  of  10—70%  at  25  and  60  °C.  No  micro- 
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Fig.  10.  Cross-sectional  TEM  images  and  depth  profiles  of  STEM-EELS  for  NCA  surface  after  cycle  test  of  5000  cycles  in  the  ADOD  of  10-70%  at  60  °C. 


216 


S.  Watanabe  et  al.  /  Journal  of  Power  Sources  258  (2014)  210-217 


Micro-crack  growth 
-►Penetration  of  electrolyte 
into  micro-crack 


“New”  NiO-like  phase 
—►Isolation  of  primary  particles 
—►Generation  of 
new  resistance  layer 


No  significant  change 
—►NiO-like  phase  grow  just  only  at  the 
secondary  particle  surface. 


Fig.  11.  A  schematic  model  for  the  deterioration  of  NCA  particle  during  cycle  test. 


cracks  evolved  even  after  5000  cycles  at  both  temperatures.  The 
generation  rate  of  NiO-like  layer  was  increased  with  increasing  the 
cycle  test  temperature.  The  thickness  of  NiO-like  layer  was 
increased  to  8  nm  at  25  °C  and  25  nm  at  60  °C.  Therefore,  the 
growth  of  NiO-like  layer  on  the  secondary  particle  surface  can  be 
suppressed  even  after  5000  cycles  at  60  °C  as  long  as  ADOD  is 
restricted  to  10-70%. 

On  the  other  hand,  the  NiO-like  layer  was  formed  on  most  of  the 
primary  particle  surface  after  charge— discharge  cycling  in  the 
ADOD  condition  of  0-100%.  So  the  infiltration  of  electrolyte  can 
cause  the  formation  of  surface  film  and  the  NiO-like  interface  layer. 
Lack  of  contact  between  primary  particles  and  the  increase  in 
resistance  layer  are  caused  by  micro-crack  generation,  which  leads 
to  capacity  fading  and  impedance  increase.  It  is  important  to  sup¬ 
press  the  micro-crack  generation  to  achieve  excellent  cycle  life. 

A  schematic  model  for  the  deterioration  of  NCA  particle  during 
cycle  test  is  shown  in  Fig.  11.  For  the  cycle  test  in  the  ADOD  of  0—100%, 
micro-cracks  easily  generate  in  the  secondary  particles  because  of 
the  stress  with  shrinkage  and  expansion  of  NCA  crystal  lattices  is 
larger  compared  with  the  cycle  test  in  the  restricted  ADOD.  The 
electrolyte  infiltrates  into  the  micro-cracks  and  causes  the  formation 
of  the  surface  SEI  film  and  the  NiO-like  interface  layer.  The  NiO-like 
layer  with  the  rock  salt-type  crystal  structure  shows  low  lithium 
ion  conductivity  and  low  electric  conductivity,  which  would  cause 
lack  of  electric  contact  between  the  primary  particles  and  the  inhi¬ 
bition  of  lithium  ion  transport  into  the  surface  layer.  Consequently, 
this  leads  to  capacity  fading  and  rise  in  impedance.  At  higher  oper¬ 
ation  temperatures,  the  formation  rate  of  the  NiO-like  layer  in  micro¬ 
crack  regions  is  increased  and  the  deterioration  of  the  cell  capacity  is 
accelerated.  In  contrast,  for  the  cycle  test  in  the  ADOD  of  10-70%,  the 
generation  of  micro-cracks  is  effectively  prevented  and  the  forma¬ 
tion  of  NiO-like  layer  is  also  limited  near  the  surface  of  the  secondary 
particle  surface,  not  the  primary  particle  surface. 

4.  Conclusion 

The  mechanism  of  cycle  life  deterioration  for  LIBs  with  the  NCA 
cathode  was  investigated  by  analyzing  the  Li  Alo.10Nio.76Coo.14O2 
cathode  after  cycle  tests  in  different  ADOD  conditions  using  some 
spectroscopic  methods  such  as  XPS,  HAADF-STEM  and  STEM-EELS. 
The  following  findings  were  obtained. 


(1)  The  residual  capacity  depended  on  ADOD  and  temperature. 
When  ADOD  was  restricted  to  10-70%,  cycle  life  at  25  °C  was 
maintained  even  at  60  °C,  while  the  generation  and  growth 
of  micro-cracks  were  often  observed  especially  at  60  °C  as 
the  ADOD  was  0-100%  (4.2  V-2.5  V). 

(2)  The  growth  of  SEI  film  on  the  NCA  surface  was  hardly 
detected  by  XPS. 

(3)  The  electrolyte  infiltrated  into  the  NCA  secondary  particles 
with  the  generation  of  micro-cracks,  and  the  NiO-like 
structure  layer  was  formed  on  the  primary  particle  sur¬ 
faces,  causing  the  rise  in  impedance. 

(4)  The  formation  rate  of  the  NiO-like  layer  was  accelerated  in 
the  cycle  test  at  60  °C  and  the  impedance  rise  was  further 
accelerated. 

(5)  The  micro-crack  generation  and  the  growth  of  the  NiO-like 
structure  layer  on  the  primary  particle  surface  were  the 
main  reason  of  the  NCA  cathode  deterioration. 
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